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Parental investment can be used as a forecast for the environmental conditions in which
offspring will develop to adulthood. In the rat, maternal behavior is transmitted to the next
generation through epigenetic modiﬁcations such as methylation and histone acetylation,
resulting in variations in estrogen receptor alpha expression. Natural variations in maternal
care also inﬂuence the sexual strategy adult females will adopt later in life. Lower levels of
maternal care are associated with early onset of puberty as well as increased motivation to
mate and greater receptivity towardmales duringmating. Lower levels of maternal care are
also correlated with greater activity of the hypothalamus–pituitary–gonadal axis, respon-
sible for the expression of these behaviors. Contrary to the transition of maternal care,
sexual behavior cannot simply be explained by maternal attention, since adoption studies
changed the sexual phenotypes of offspring born to low caring mothers but not those
from high caring dams. Indeed, mothers showing higher levels of licking/grooming have
embryos that are exposed to high testosterone levels during development, and adoption
studies suggest that this androgen exposure may protect their offspring from lower levels
of maternal care. We propose that in the rat, maternal care and the in utero environment
interact to inﬂuence the reproductive strategy female offspring display in adulthood and
that this favors the species by allowing it to thrive under different environmental conditions.
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In humans, parental styles have been shown to be transmitted
across generations. The way one is brought up is likely to be the
way one will raise one’s own children. Thus, child abuse is more
likely tooccur inhouseholdswhereparentswere abused as children
(Widom and Maxﬁeld, 1996; Bifulco et al., 2002). Parenting style
is often dependent on environmental factors. Low socio-economic
status creates stress and increases parental anxiety, which directly
inﬂuences parent–child interaction (McLoyd, 1990; McLoyd and
Wilson, 1990). Indeed, more anxious mothers have been shown
to be less responsive to their infants (Fleming and Corter, 1988;
Fleming et al., 1999; Seymour,2005;Tu et al., 2005).Unfortunately,
most people raise their children under the same socio-economic
constraints they experienced growing up, resulting in a continued
cycle from generation to generation.
While the ﬁeld of child psychology has provided compelling
research ﬁndings regarding parent–child interactions in humans,
these ﬁndings are unfortunately only correlational and do not
offer direct evidence of the effects of parenting on the develop-
ment of children. Thus, the mechanisms involved in parent–child
interaction on child development are still unknown. Research
using animal models is an important tool which can provide
the means to understand the mechanisms involved in this sys-
tem. As in humans, infant-directed behaviors are transmitted
from mother to daughter in both non-human primates (Suomi,
1978) and in the rat (Champagne et al., 2003a). We also know
that environmental factors inﬂuence parental behaviors in these
species, suggesting that the inter-generational transmission of
behaviors is under the same constraints as those found within
the human population. Furthermore, as in humans, parental (par-
ticularly, maternal) care has been shown to have an important
inﬂuence on primate (McCormack et al., 2006) and rodent off-
spring development (Champagne et al., 2003a). This review will
discuss the effects of maternal care on the offspring’s develop-
ment and behaviors and will suggest mechanisms involved in this
system.
EPIGENETICS AND REPRODUCTIVE STRATEGY
In most animal species, an individual may survive and succeed in
a variety of environmental conditions. For a species to produce
individuals with the capacity to adapt to a wide variety of milieu,
plasticity is required, as reproductive strategies need to be adjusted
to the prevailing environmental conditions. Parental investment is
one of the environmental conditions that can directly inﬂuence the
developmentof theoffspring and, later in life, the offspring’s repro-
ductive strategy. Plasticity in speciﬁc reproductive traits among
same-sex members of a species are derived from variations in the
quality of the prevailing environment during development which
are mediated by alterations in parent–offspring interactions. As
in humans, research has determined that, for most species stud-
ied, the variations in parental care that deﬁne the reproductive
phenotype of the offspring are inﬂuenced by the quality of the
environment (i.e., nutrient availability, predation, infection, pop-
ulation density, etc., Hinde, 1986; Rhen and Crews, 2002; Coall
and Chisholm, 2003).
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Researchers have used various paradigms to affect early life
environment and observe its effects on the development of pups.
Among these paradigms, prenatal stress (DeFries et al., 1967;
Chapillon et al., 2002; Clinton et al., 2008), differential rearing
conditions (Masur and Struffaldi, 1974; Gonzales et al., 2001),
and postnatal handling (Levine, 1967) have proven particularly
interesting tools. For the last 10 years, observation of natural vari-
ation in maternal care in the rat and its effects on the offspring
has also been shown to be an important tool in the study of the
consequences of early environment (Liu et al., 1997, 2000; Cham-
pagne et al., 2003b, 2006; Cameron et al., 2008a,b). Thus, the
epigenetic ﬁeld is now equipped with various animal models to
study the effects of parental care on the development, physiology,
and behavior of offspring.
EPIGENETIC
It is difﬁcult to discern between environmental and genetic inﬂu-
ences on development, bringing us back to the old debate between
nature and nurture. Interestingly, we now know that environ-
mental factors inﬂuence the way genes are transcribed without
modifying the genome. Such “epigenetic” effects have an impor-
tant role to play in shaping individual variations of behaviors, and
have been the object of extensive research.
Conrad Waddington (1905–1975) was the ﬁrst to use the term
“epigenetics” to describe phenomena that could not be explained
by genetic principles, deﬁning it as “ the branch of biology which
studies the causal interactions between genes and their products,
which bring the phenotype into being” (Waddington, 1942). To be
epigenetic, an eventmust alter chromatin structurewithout chang-
ing the underlying DNA sequence of the gene. Generally, DNA is
tightly packaged into nucleosomes, where it is bound around his-
tone proteins (Figure 1). The electrostatic bond is maintained by
the difference in charge between DNA and histone, a conﬁgura-
tion which prohibits transcription factors from binding to DNA,
thus regulating gene expression. On histones, acetyl groups allow
for loosening of the bond and the transcription of genes into
proteins (Figure 1). DNA methylation, covalent histone modiﬁ-
cation, non-covalent mechanisms such as chromatin remodeling,
and non-coding RNA can all interfere with gene transcription and
deﬁne epigenetic identity.
MATERNAL CARE
In our laboratory,we use Long-Evans rats to study the effect of nat-
ural variations of maternal care on the offspring. As in humans,
there are natural variations in both the quality and amount of
maternal care that lactating rats provide to their offspring. Dams
vary in the amount of licking/grooming (LG) they display toward
their pups during the ﬁrst week post-partum (Champagne et al.,
2003a). The frequency of this behavior has been shown to be nor-
mally distributed, with dams displaying LG on average 10.6% of
observed time, but can vary from 4 to 15% (Champagne et al.,
2003a). Lactating females that display this behavior at a frequency
1 SD above the mean are characterized as High LG mothers and
females showing an LG frequency 1 SD below the mean are char-
acterized as Low LG mothers (Champagne et al., 2003a; Cameron
et al., 2008a). The greatest variation between the two groups of
mothers is most apparent during the ﬁrst 6 days postpartum and
it is not associated with litter size, sex ratio of the litter or weaning
weight of the pups (Champagne et al., 2003a). It is important to
note that High and Low LG dams are the two ends of a continuous
distribution and are selected to allow the comparison of the two
extremes of this behavior. Licking and grooming are of impor-
tance since rat pups are born at an early stage of their development,
and these behaviors contribute to their thermoregulation and to
the stimulation needed for urination and defecation (Moore and
Power, 1992). The amount of LG reduces as pups grow older and
gain physiological maturity (Champagne et al., 2003a).
As in humans, rat parental behavior is transmitted across gener-
ations. Female offspring of High LG mothers are likely to become
High LG mothers themselves in adulthood, and Low LG female
offspring will also adopt their mother’s caring behavior with their
own pups (Champagne et al., 2003a). Cross-fostering studies are
an effective means of investigating the genetic and environmental
contributions of the inheritance of maternal behaviors. In these
experiments, a few pups (two to four) are usually cross-fostered
less than 12 h after birth to an age-matched litter and the maternal
behaviors of both the adoptive dam and the adult female offspring
are observed. The results show that female offspring of Low LG
mothers raised by High LG dams become High LG mothers and
High LG offspring raised by Low LG mothers become Low LG
mothers themselves (Champagne et al., 2006). In contrast to the
simply correlational data gained from humans, these experimen-
tal manipulations demonstrate that environmental factors such as
the level of maternal care received are more important than the
genome in inﬂuencing maternal care displayed by adult female
offspring.
Differences in maternal care are also associated with estrogen
receptor alpha (ERα) expression in the female offspring brain
(Champagne et al., 2006). Estrogen plays an important role in
the regulation of both the hypothalamic–pituitary–gonadal axis
(HPG) and sexual behavior. In the brain of both sexes, estro-
gen receptors are located in abundance in the hypothalamus, as
well as in the brainstem and the hippocampus (Shughrue et al.,
1997; Österlund and Hurd, 2001). ERα activity in the brain is
region-speciﬁc and, interestingly, maternal care appears to regu-
late ERα gene expression in opposite manners depending upon
brain region. High LG mothers and their female offspring express
more ERαmRNA than Low LG females in the medial preoptic area
(MPOA), an area important for the display of maternal behav-
ior (Champagne et al., 2006). In the anteroventral periventricular
nucleus (AVPv) an area involved in the regulation of gonadal func-
tion, Low LG female offspring express more ERα mRNA than
High LG offspring (Cameron et al., 2008a). These ﬁndings sug-
gest that maternal care programming of reproduction is mediated
by tissue-speciﬁc differences in ERα expression. There is evidence
that epigenetic mechanisms are involved in these effects.
MATERNAL PROGRAMMING
Estrogen receptor alpha is a ligand-activated transcription factor
that regulates genes (Bjornstrom and Sjoberg, 2005). Thematernal
effect on ERα expression in the MPOA is associated with differen-
tial cytosine methylation of the ERα 1b promoter (Champagne
et al., 2006). The exon 1b region contains a signal transducer
and activator of transcription (Stat)5b response elements which
are necessary for transcriptional regulation of constitutive expres-
sion of the rat ERα gene in the brain (Schibler and Sierra, 1987).
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FIGURE 1 | Schematic diagram demonstrating DNA tightly packaged
into nucleosomes and bound around histone proteins. (A) On histones,
acetyl groups provide the opportunity for transcriptional machinery to bind to
DNA and transcription of genes into proteins to take place. (B) Methyl groups
(–CH3) located on the DNA can inhibit transcription factors and RNA Pol II
binding silencing gene transcription.
DNA methylation is associated with repression of gene expression.
Increases in the cytosine methylation of the ERα 1b promoter
can limit binding to the Stat5b consensus sequence by attracting
repressor complexes containing histone deacetylases that block
the acetylation of histone tails. This favors a chromatin conﬁgura-
tion that excludes transcription factor binding (Bird, 2002; Frasor
and Gibori, 2003; Figure 1). ERα is a nuclear hormone recep-
tor that when bound to estrogen moves to the nucleus and acts
as a transcription factor that regulates gene expression. Cham-
pagne et al. (2006) have found increased methylation across the
ERα 1b promoter in the MPOA of female offspring of Low LG
mothers compared with High LG mothers. Using a chromatin-
precipitation assay to examine Stat5b binding in the MPOA and
in the ventral medial hypothalamus (VMH), an area important for
the display of sexual behavior in the female, we and others have
found that female offspring of High LG mothers show more bind-
ing to the exon 1b promoter in the MPOA and less in the VMH
compared to Low LG female offspring (Cameron et al., 2008c).
The binding maps onto the behavior of High females, which dis-
play more maternal behavior and, as we will discuss below, are
also less motivated to mate than Low LG female offspring. While
a direct effect of methylation on the ERα expression remains to
be demonstrated, these ﬁndings reveal a tissue-speciﬁc maternal
programming of gene expression.
A cross-fostering study showed that maternal care is respon-
sible for the differences seen in ERα expression in the MPOA
(Champagne et al., 2006). Biological offspring of High LG moth-
ers cross-fostered to LowLGmothers showERαmRNA expression
that resembles the expression of Low LG offspring. This result is
important, as the rearing-mother effect provides evidence for a
direct relation between maternal care and ERα expression which
surpasses correlational ﬁndings.
Thus far, we have discussed how early environmental condi-
tions are crucial in determining the maternal behavior that adult
female offspring display, but changes in the quality of the envi-
ronment of adult animals may also result in changes in maternal
care level. Champagne and Meaney (2006) have shown that 7 days
of intermittent stress during the last week of gestation resulted
in a reduction in the amount of maternal care displayed by pre-
characterized High LG mothers. Interestingly, in this study the
behavior of Low LG mothers was not affected by the stressor,
suggesting that it represents the lower end of the maternal care
spectrum and that lowering the amount of care any further may
jeopardize reproduction in this species. Furthermore, although the
damswere not re-exposed to the stressor after the second litter (the
ﬁrst litter was used to characterize the dam), the effect persisted
even for subsequent litters. The authors also showed that female
offspring from the post-stress second and third litters of stressed
High LG mothers displayed maternal care and anxiety behaviors
similar to Low LG female offspring. This study demonstrated that,
as in humans, parental care in the rat is very sensitive to environ-
mental factors and may result in lasting effects for generations to
come.
The quality of the parent–child interaction in humans has been
shown to inﬂuence the mental health and behavior of children.
Parental neglect and abuse have been shown to be associated with
increased anxiety and stress in children (Heim et al., 2000). It can
also lead to increases in risky behaviors such as drug and alco-
hol abuse in adolescence and adulthood (De Bellis, 2002). Several
studies have shown that parental monitoring of teenagers pro-
tects them against early onset of sexual activity (Meschke and
Silbereisen, 1997) and risky sexual behaviors such as intercourse
and multiple partners (Huebner and Howell, 2003). The quality
of maternal care in particular has a direct effect on the behavior of
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the child. In a recent study, Belsky et al. (2010) found that greater
maternal harshness is associated with earlier onset of puberty
which in turn leads to greater sexual risk taking in 15-year-old
girls. These studies reﬂect the importance of the parental inﬂuence
in children’s behavior and physiology.
EFFECTS OF MATERNAL CARE ON OFFSPRING
Natural variations in maternal care have been associated with
effects on the development of neural systems such as the
hypothalamic–pituitary–adrenal axis, which mediates stress reac-
tivity. Indeed, Low LG offspring have been shown to be more
responsive to stressors, and the effects are associated with dif-
ferences in gene expression, receptor sensitivity, hormone level,
and behavior compared to High LG offspring (Liu et al., 1997;
Caldji et al., 1998). Low LG offspring also show a deﬁcit in learn-
ing compared to High LG offspring (Bredy et al., 2003); here
again, the key mechanism of the maternal effect is the variation in
gene expression. Hippocampal glucocorticoid receptor (GR) gene
expression is modulated by maternal care through two processes:
the methylation of the NGFI-A consensus sequence which acti-
vates the GR gene and through the acetylation of histones H3–H9
(Fish et al., 2004). Low levels of maternal care are associated
with increased methylation of the NGFI-A consensus sequence
on the exon 17 promoter region and lower levels of acetylation
of histone H3–H9, and both processes decrease the expression
of GRs (Weaver et al., 2004a,b). As mentioned earlier, methyla-
tion is responsible for silencing genes, while acetylation of histone
tends to increase gene expression. The result is a reduction in
GR expression in the hippocampus in Low LG offspring, sug-
gesting that more glucocorticoid hormones are needed to activate
this brain area. Indeed, offspring of Low LG mothers show a
greater hormonal response to stress (Liu et al., 1997). The con-
tribution of maternal care in this system has been demonstrated
using cross-fostering studies. When Low LG offspring were reared
by High LG mothers, their behavior in a novel environment and
their response to stressors were similar to biological offspring of
High LG mothers (Francis et al., 1999a,b, 2002a). Interestingly, a
week of daily brain (lateral ventricle) infusion of l-methionine,
a precursor to S-adenosyl-methionine that serves as the donor
groups for DNA methylation, also reversed the phenotype of adult
High LG male offspring (Weaver et al., 2005). Increasing methy-
lation decreased hippocampus GR expression and increased stress
reactivity in High LG male offspring. This experimental manip-
ulation demonstrates that although DNA methylation seems to
be stable throughout life, availability of methyl donors may alter
DNA methylation in adulthood and potentially reverse the adult
phenotype.
Even very subtle variations in maternal care can inﬂuence gene
expression and synaptic plasticity. A recent study by van Hasselt
et al. (2011) showed that in a litter, there is always a small variation
in the level of care amother provides to individual pups. The inter-
litter variation is rarely more than 1%, and males may receive 0.2%
more licking than females. Thirty years ago, Celia Moore was the
ﬁrst to investigate sex difference in LG received (see review Moore
and Power, 1992). She described how male rats receive more lick-
ing (particularly in the anogenital area) than females. This sex
difference is testosterone (T)-dependent and can be reversed by
injecting a female with T on the day of birth (Moore and Power,
1992). Differences in chemical content of urine between the sexes
seem to be responsible for the mother preferring licking males
over females (Brouette-Lahlou et al., 1999). Nevertheless, these
small differences inmaternal caremodulate hippocampal develop-
ment and functioning later in life. Indeed, LG scores of individual
pups correlated with both periadolescent and adult hippocampal
GR mRNA expression, and with the capacity to induce synaptic
potentiation in the dentate gyrus (van Hasselt et al., 2011). This
study demonstrated that even small variations in maternal care
have a major impact on adult hippocampal function, and may be
responsible for individual differences in stress reactivity and in
learning and memory.
Many other neural systems are also affected by maternal care,
with Low LG offspring showing a reduction in adrenoreceptor
expression (Caldji et al., 1998), in oxytocin expression (Francis
et al., 2002b), in oxytocin plasma levels in response to socio-sexual
interactions (Moscovice, Borrow, and Cameron, in preparation),
and in central receptor binding and in CBZ and NMDA recep-
tor expression (Bredy et al., 2003). Greater maternal investment
seems to result in higher quality offspring with increased learning
capacity and less responsiveness to stressors.
Natural variations in maternal care also inﬂuence offspring
reproductive strategy through modulation of the HPG axis. Dif-
ferential expression of ERα in the brain has been associated with
maternal care in females for both mothers and offspring. As men-
tioned above, High LG female offspring show an increase in the
ERα receptor in the MPOA, a region important for the control of
maternal care (Champagne et al., 2006). Interestingly, in theVMH
and the AVPv, which are involved in the control of the HPG axis
and sexual behavior in the female, Low LG female offspring show
more ERα expression compared to High LG females (Cameron
et al., 2008a). This differential expression of ERα correlates very
well with the reproductive strategies displayed by the two rat phe-
notypes;High LG mothers raise female offspring that demonstrate
greater levels of maternal care but are less receptive tomales during
mating and Low LG mothers raise female offspring that seem to
have a more “efﬁcient” reproductive strategy, since they are more
receptive to males and more reproductively successful under labo-
ratory conditions but give lessmaternal care to their offspring. This
dichotomy is obviously artiﬁcial, since the two phenotypes are at
the ends of this species’ female behavioral spectrum; nevertheless,
they are showing very different behaviors.
FEMALE SEXUAL BEHAVIOR
Female rat sexual behavior can be divided into two components,
proceptivity and receptivity. During the proceptive phase of sex-
ual behavior, females display a series of paracopulatory behaviors
to attract males (McClintock and Adler, 1978). This pattern con-
sists of an approach toward, orientation to, and rapid run-away
from the male that can also be described as “hopping and darting,”
and which often results in a mount, intromission, or ejaculation
(Erskine, 1989). This pattern of behaviors is not stereotypical and
is more likely to be observed in a large enclosure than if the female
is in close proximity to the male, which is the case in small cages.
To allow for the observation of these behaviors, researchers use
large cages that allow a female to escape the male. Erskine (1985)
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was the ﬁrst to use a pacing chamber which was made of mul-
tiple compartments separated by walls with holes too small for
the male but large enough to allow the female to escape the male
while he was conﬁned in a section of the chamber (Erskine, 1985).
In this chamber, the female paces mating by escaping at will and
returning to the male when she wants to solicit mating. In this
context, the scoring of the inter-intromission-interval (III) allows
researchers to investigate female motivation to mate. In addition
to proceptivity, the receptivity of rodent females to the male can be
assessed by scoring the expression of lordosis behavior (Hardy and
DeBold, 1972). A female rat must arch her back and move her tail
to the side in order to allow the male to achieve penile intromis-
sion. This behavior is estrogen-dependent and under the control
of the VMH. A decrease in ERα in this brain area has been shown
to decrease the expression of this behavior (Walf et al., 2007). Our
research has been able to demonstrate that expression of most
of the female sexual behaviors mentioned above is inﬂuenced by
natural variation in maternal care.
MATERNAL CARE EFFECT ON THE HPG AXIS
The maternal effect on female sexual behavior in the rat is
extremely robust (Cameron et al., 2008a). There is a negative cor-
relation between the percentage LG of the mother and the lordosis
rating of the female offspring (Kendall’s tau-b=−0.53; p< 0.001)
such that LowLG female offspring aremore receptive tomales dur-
ing mating in a pacing chamber than High LG female offspring
(Figure 2).
As previously mentioned, the display of lordosis behavior is a
marker of receptivity in rodents. The behavior is scored on a scale
from 0 (no arching of the back) to 3 (maximum arching), with a 2
or a 3 generally necessary for the male to achieve an intromission
FIGURE 2 | Lordosis rating of female offspring during mating with a
male in a pacing chamber is negatively correlated with amount of
licking/grooming (LG) received during the first 6 days of life (Cameron
et al., 2008a). R-Square=0.35; p<0.001.
or an ejaculation. Not surprisingly, High LG female offspring have
been shown to receive more mounts without intromission than
Low LG female offspring and fewer ejaculations when tested in
a pacing chamber (Cameron et al., 2008a,b). Under these nor-
mal laboratory conditions, the pregnancy rate of High LG female
offspring was also signiﬁcantly lower than that of Low LG female
offspring (Cameron et al., 2008a). Interestingly, Lehman and Ersk-
ine (Erskine et al., 2004; Lehmann and Erskine, 2004) have shown
that a greater lordosis score favors the establishment of pregnancy
in the Long Evans rat. These data suggest thatHigh levels of mater-
nal care produce female offspring that are less receptive to males
and less likely to be reproductively successful.
Most studies investigating mating behavior in the rat have used
a pair of animals (one male and one female). Interestingly, in a
semi-natural environmentwithmultiplemales and females (hence
availability of the females is greater) McClintock and Anisko
(1982) showed that the speed at whichmales copulate is faster than
females. In this species, stimulation of the vagina or the cervix by
a glass rod is sufﬁcient to initiate the onset of hormonal changes
related to pregnancy (or pseudopregnancy). Edmonds et al. (1972)
have found that to achieve a progestational state (an increase in
progesterone associated with pregnancy or pseudopregnancy) 10
intromissionsweremore efﬁcient than only 2 intromissions. How-
ever, they also showed that ﬁve intromissions received at an III of
4–5min were more efﬁcient than if received faster, demonstrating
that the interval between intromissions is critical for the establish-
ment of pregnancy. In addition to being less receptive to males
during mating, we have also demonstrated that in a pacing cham-
ber, High LG female offspring return to the male compartment
at a slower pace than Low LG female offspring. The difference in
III between High and Low female offspring suggests an individual
variation in the best interval to achieve pregnancy in the rat species.
For Low LG female offspring, seven intromissions received at a 4-
to 5-min interval induced pseudopregnancy signiﬁcantly more
often than in High LG female offspring (Cameron et al., 2011).
This demonstrates an individual variation in the sensitivity to the
III that may be inﬂuenced by early environmental conditions.
The studies we have described above were all performed under
normal laboratory conditions: testing took place in a dark room
under dim red light (rats are nocturnal) and the females were
usually tested for 45min or until they received 15 intromis-
sions/ejaculations. These environmental conditions and testing
criteria have favored the reproductive success of females raised
by Low LG mothers. High LG females usually take longer to
mate and often need the entire 45min in the pacing chamber.
In contrast, Low LG females often don’t need 45min to achieve
15 intromissions/ejaculations (Cameron et al., 2008b). Investigat-
ing the behavior of rats in a more naturalistic environment could
help us understand why there is so much variability in female
rat sexual behavior. We have recently performed a group mating
experiment which suggests that high levels of maternal care may
also produce female offspring that can be reproductively success-
ful in a more competitive environment (Prior, K., Meaney, M. J.,
and Cameron, N. M., unpublished results). In this study, groups
of two Low and two High LG female offspring, synchronized to
reach proestrus at the same time, were placed into a large pac-
ing chamber (90 cm× 150 cm) for 36 h with two males. Sexual
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behaviors were recorded and scored both for the ﬁrst 15 intromis-
sions/ejaculations and for the entire 36 h. Two different mating
strategies appeared in this group mating condition: The female
offspring of Low LG mothers spent more time mating, while High
LG offspring spent less time but were more efﬁcient at solicit-
ing the males. Low LG offspring showed longer III than High
LG female offspring and required more time to receive an intro-
mission after entering the male compartment during the ﬁrst 15
intromissions/ejaculations.
The difference in timing of mating between High LG and Low
LG female offspring in the group mating study is also very inter-
esting. The female and male rats in this study were allowed to
mate to satiety, providing High LG female offspring the opportu-
nity to “catch up” to the Low LG female offspring and mate at the
ideal rate for inducing the progestational state required for preg-
nancy. In apacing chamber,where an individual femalematedwith
only one male, we reported that High female offspring showed an
III of 174.97+ 29.73 s, compared to 106.56+ 16.39 s for Low LG
female offspring (Cameron et al., 2008a). In the group mating
study the III of the females during the ﬁrst 15 VCS was double
the previously reported interval in the High LG female offspring
(315.87+ 25.88 s) and almost six times greater than in a pacing
chamber for the LowLG female offspring (609.72 + 177.00 s; Prior,
Meaney, and Cameron, in preparation) despite the fact that they
spent more time in the male compartment. Furthermore, High
LG female offspring spending less time mating with the males was
not surprising, as we previously reported that they may be more
likely to reach estrous termination earlier (Cameron et al., 2011).
Indeed, we found that theVMH, thought to be involved in estrous
termination (Georgescu et al., 2009), was activated more by 15
intromissions/ejaculations in theHigh LG female offspring than in
LowLGdaughters (Cameron et al.,2011).Activationof theVMHis
steroid-dependent and the difference in behavior between the two
groups of females may be driven by the difference in plasma prog-
esterone levels, which is lower in High LG female offspring during
proestrus compared to Low LG daughters, or might also be caused
by the difference in ERα expression in this brain area (Cameron
et al., 2008a). We can speculate that the difference in timing of
mating seen in this experiment may be related to both the onset
and the termination of sexual behavior, which are both dependent
on the hormonal state of the animal. Experiments involving hor-
monal manipulation using the same testing conditions would be
needed to verify this hypothesis.
In the group mating study, Low LG female offspring received
more ejaculations than High LG female offspring during the ﬁrst
15 intromissions/ejaculations, which may be due to the difference
in lordosis ratio between the two groups of females (Prior,Meaney,
and Cameron, in preparation). Interestingly, this difference in the
number of ejaculations disappeared as mating continued. Dur-
ing both the short and long periods observed, High LG female
offspring’s approaches to males resulted more often in an intro-
mission, suggesting that males were more receptive to High LG
than Low LG female offspring. Most importantly, contrary to pre-
vious studies using pacing chambers where an individual female
matedwith only onemale,nodifference in pregnancy ratewas seen
between the two groups, demonstrating that both mating strate-
gies are reproductively successful under competitive conditions
(Prior, Meaney, and Cameron, in preparation). Nevertheless, to
achieve the same success it took less time mating for High LG
females, since they were favored by the males when they entered
the male chamber. This study was the ﬁrst to suggest that male rats
may choose their partner according to the level of maternal care
they have received, or perhaps according to the maternal care that
they will provide to their young.
MECHANISMS INVOLVED IN THE PROGRAMMING BY
MATERNAL CARE
Gonadotropin-releasing hormone (GnRH) plays an important
role in the HPG axis. In the rat, GnRH neurons develop from
the embryonic olfactory placode and migrate caudally to the sep-
tum/preoptic area by day 17 of pregnancy (Gao et al., 1996). In
adults, GnRH neurons are located in the median preoptic nucleus,
the AVPv, the MPOA, the lateral preoptic nucleus, and the diago-
nal band nucleus (Wray andHoffman, 1986). The release of GnRH
in the median eminence is mediated by estrogen and reaches the
anterior pituitary gonadotrope cells,where it stimulates the release
of luteinizing hormone (LH) and follicular stimulating hormone
(Cooper et al., 1974; Ojeda and McCann, 1978), thereby inﬂu-
encing the timing of puberty, ovulation, and other physiological
processes as well as sexual behavior.
The effect of natural variations in maternal care on the sexual
behavior of female offspring is likely to result from differential
modulation of the GnRH neuron population. Indeed, we have
described a difference in the number of GnRH cells detected using
immunohistochemistry techniques between female offspring of
Low LG and High LG mothers. Ovariectomized steroid-primed
female offspring of Low LG mothers show increased amounts
of GnRH neurons compared to the offspring of High LG moth-
ers (Cameron et al., 2008a). LH and progesterone release during
proestrus have also been observed to be greater in females that
received lower levels of maternal care (Cameron et al., 2008a).
Although we found no effect of maternal care on estrogen release
in proestrus females, sensitivity to estrogen was greater in Low
LG compared to High LG female offspring. Indeed, we found
that lower levels of maternal care are associated with increased
LH release in response to estrogen in ovariectomized females
(Cameron et al., 2008a). The difference in estrogen sensitivity
is probably linked to the difference in ER-α expression seen in
the AVPv; however, additional studies using siRNA or antisense
oligonucleotide, which can modulate the expression of the recep-
tor,are needed to verify this hypothesis. Both the variations inER-α
expression and in GnRH neuron populations could be responsible
for the differences in LH and progesterone in proestrus females as
well as the difference in sexual behaviors. Interestingly, the estro-
gen modulation of GnRH release is indirect, as GnRH neurons
lack estrogen receptors (Herbison and Theodosis, 1992). Fortu-
nately, an intermediary system sensitive to estrogen and capable of
modulating GnRH has recently been identiﬁed.
Kisspeptin neuron populations are mainly located in two brain
areas: the rostral periventricular area of the third ventricle (RP3V),
which includes theAVPv and the preoptic ventricular nucleus (Yeo
and Herbison, 2011), and the arcuate nucleus (Clarkson et al.,
2009). These neurons express ER-α and project to GnRH neurons,
where they activate the kisspeptin receptor (GPR-54, also known
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as KISS-1R; Clarkson et al., 2009). Research has demonstrated
that the regulation of GnRH neurons by kisspeptin is critical for
normal pubertal onset and normal estrous cycling in the female
rodent (Clarkson et al., 2009). The RP3V kisspeptin neuron pop-
ulation is known to be involved in a positive estrogen feedback
circuit (estrogen→ kisspeptin→GnRHneurons→ gonadotrope
cells→ estrogen) that is essential for the full elaboration of
puberty onset and the estrous cycle (Clarkson et al., 2009). Since it
is such an important contribution to theHPG axis, researchwill be
needed to verify the effect of maternal care on kisspeptin neuron
populations.
An effect of maternal care on kisspeptin neurons is suspected,
considering that we have already described a variation in the onset
of puberty in this animal model. Indeed, Low LG offspring show
vaginal opening, which is a marker of onset of puberty in rodents,
approximately 5 days earlier than High LG offspring (Cameron
et al., 2008a). This difference in the onset of puberty is important
since the estrous cycle in the rat is approximately 4–5 days. This
earlier onset may allow Low LG female offspring to give birth to
their ﬁrst litter earlier than High LG females. Under harsh envi-
ronmental conditions, an earlier onset of puberty and pregnancy
may be important assets.
Our understanding of the mechanisms involved in maternal
programming of the reproductive system of female offspring
although improved by the uses of experimental manipulation
in rats, is still limited. The parallel that can be made between
humans and rats, particularly in individual variations in parental
and in sexual behavior, suggests that much more can be discovered
using this animal model. Research focusing on the HPG axis and
reproductive function are particularly important to understand
the mechanisms of maternal programming. Most of the data is
still correlational and must be followed by experimental manipu-
lation aimed to understand this system. For instance, differences
in maternal care levels are associated with differences in GnRH
expression in the brain of female rat offspring. GnRH has recently
been identiﬁed as a candidate for epigenetic modiﬁcations that
could lead to variation in pubertal onset in non-humans primates
(Terasawa et al., 2010). It is possible that GnRH is under the same
epigenetic inﬂuence as ERα and could be another mechanism of
maternal programming in this species. Another example concerns
the most recent player in this system; although the importance of
kisspeptin as a modulator of the HPG axis is gaining recognition,
we still do not know if it plays a role in maternal programming
of reproductive function. Studies using kisspeptin infusions in
peripubertal animals could shed light on its effects on the mater-
nal programming of puberty onset. It should also be noted that
most of the ﬁndings described here were discovered using only
High and Low LG offspring and little is known about where the
average (Mid) female Long-Evans rats would ﬁt.We have observed
Mid LG females’ sexual behavior and found that they lie between
High LG and Low LG female offspring (Cameron et al., 2008a).We
suspect that this would be the case for most variables, but research
should try to determine if it is really the case.
Although we have described an important number of individ-
ual variations in the HPG axis of the female that are associated
with natural variation in maternal care (Figure 3), most of these
results are only correlational. We have used cross-fostering studies
in an effort to try to verify the effect of maternal care versus
genetic and in utero environment contributions on the reproduc-
tive system. Interestingly, contrary to the effects on the female
offspring’s maternal care or the HPA axis described above, we
have found that cross-fostering was able to only partially reverse
sexual behavior (Cameron et al., 2008a). Indeed, Low LG female
offspring raised by High LG mothers showed a lordosis rating
equivalent to High LG offspring raised by High LG mothers. In
contrast, High LG female offspring raised by Low LG mothers
displayed a lordosis rating resembling the one displayed by their
siblings raised by High LG mothers. This effect could be due to
high levels of maternal care programming the endocrine system
and somehow masculinizing the Low LG female offspring. Inter-
estingly, when embryos were collected at day 22 of pregnancy
from pre-characterized High (n = 5) and Low (n = 7) pregnant
FIGURE 3 | Schematic diagram showing the effects of early
environment such as maternal care and predisposition such as
masculinization caused by in uteroT exposure on the
hypothalamic–pituitary–gonadal (HPG) axis. Both can inhibit estrogen
receptor α (ERα) and kisspeptin in the anteroventral-periventricular (AVPv)
nucleus, which in turn modulate gonadotropin-releasing hormone (GnRH).
GnRH is secreted from the hypothalamus and released into the median
eminence; it then reaches the anterior pituitary where it stimulates the
release of luteinizing hormone (LH). LH stimulates the release of the steroid
hormones estrogen (E2) and progesterone (P) from the ovary. LH, E2 and P
stimulate onset of puberty and improve sexual behavior and reproductive
success.
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LG animals, we showed that in utero High LG female offspring
are exposed to greater T levels than Low LG female offspring
(Cameron et al., 2008a). We measured the anogenital distance
(AGD) and used the anogenital index (AGD/weight:AGI) to assess
differences between groups of fetuses andwe observed an expected
signiﬁcant difference between sex (Mann–Whitney U = 686.5,
p< 0.001). Males (1.02+ 0.01) had a greater AGI compared to
female (0.77+ 0.02) offspring. An in utero environment effect
(Mann–Whitney U = 207.0, p< 0.001) was also seen between the
females, such that the offspring of High LG mother had a greater
AGI than female offspring of Low LG mothers. These results
demonstrate that High LG female offspring are masculinized dur-
ing development via T exposure. The HPG axis is inﬂuenced by
maternal care but also by in utero androgen exposure. In males,
T production by the fetuses’ testes masculinize the brain and later
sexual behavior (Phoenix et al., 1959). More studies are needed
to identify the source of T in female fetus plasma, which could
be synthesized by male siblings or produced by the mother, the
placenta, or the female fetuses’ own adrenal glands. Wherever it
comes from, this prenatal androgen exposure masculinizes the
females and may protect the High LG female offspring from the
effects of lower levels of maternal care, including an improvement
in lordosis rating. To verify this hypothesis, studies such as embryo
transplant or injection of pharmaceutical agents to control for the
in utero environment will be needed. More studies are also needed
to evaluate the effect of the maternal in utero environment on
the epigenome. This is a clear example of the complexity of the
research on epigenetic effects on behavior. The mechanisms con-
trolling maternal programming of sexual behavior are not as clear
as the one controlling ERα expression and maternal care. Thus,
it is probable that gene–environment interactions are involved in
this system.
REPRODUCTIVE STRATEGIES
So far, we have described variations in the phenotypes of female
rats that are inﬂuenced by their mothers (Table 1). We have also
described variations in the reproductive strategies used by female
rats which are modulated by maternal care: female offspring that
receive high levels of maternal care show a delayed pubertal onset,
their HPG axis is dampened, and they are less receptive and moti-
vated to mate, resulting in fewer pregnancies. As mothers, they
display high levels of maternal care and they raise offspring that
learn better and are less responsive to stress. The phenotype of
female offspring raised under lower levels of maternal care is the
opposite and is probably favoring the quantity and not the qual-
ity of offspring. So what are the advantages to rats raised with
low levels of maternal care? What are the evolutionary beneﬁts
Table 1 | Phenotypic characteristics of female offspring of Low and
High LG mothers.
Low High
DEVELOPMENT
In utero T exposure Less More
Puberty onset Early Late
MORPHOLOGY
Anogenital distance Shorter Longer
EPIGENETICS
ERα MPOA More methylation Less methylation
GR More methylation Less methylation
Less histone acetylation More histone acetylation
BRAIN
ERα VMH and AVPv More Less
ERα MPOA Less More
GnRH neurons More Less
GR hippocampus Less More
HORMONES
LH More Less
Progesterone More Less
BEHAVIORS
Maternal care Less More
Sexual behavior More Less
Stress response More Less
that maintain this wide variation in reproductive function and
behavior?
CONCLUSION
Many parallels can be drawn between the effects of parental care
in humans and maternal care in rats with regards to the reproduc-
tive system. In both cases the early environment provided by the
parents inﬂuences the development of the progeny. The variation
in behaviors that results from differences in parental care provides
the species with variation in phenotypes. Differences in these phe-
notypes are adaptive, since both humans and rats may survive and
thrive in various environments. Some of these environments may
require amore rapid onset of reproduction because of a higher risk
of mortality and may favor a phenotype that produces a greater
number of offspring over offspring of a better quality. Unfortu-
nately, parental inﬂuences on progeny are, to date, not entirely
understood. However, as researchers gather more and more infor-
mation about this system, it is becoming clear that, as in the rat,
human’s parental programming of reproductive system is likely to
involve gene–environment interactions.
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